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The high-temperature conductivity is attributed to the intrinsic conduction of the lattice, and indicates the existence of a conduction band about 1*2 eV above the full band.
Most of the considerable body of observations, amassed in recent years, as to the properties of semiconducting solids has related to the metallic oxides, i.e. to com pounds of predominantly ionic character. By contrast, few investigations have been made of the sulphides, selenides, etc., in which the magnitude of the polarization effects leads, as is generally conceded (cf. Mark 1940) , to a marked transition of the lattice forces towards homopolar binding. This transition is evidenced by the characteristic properties (colour, metallic reflex, insolubility in ionic or ionizing liquids, etc.) of the chalcogenides of the heavy metals. Such compounds also fre quently show a marked variability in composition to which, rather than intrinsic conductivity, their strikingly high electrical conductivity at room temperature is due.
We describe here experiments carried out on stannous sulphide. This compound, of strongly marked semi-metallic character, is (like PbS, studied by Hintenberger (1942) derived from the lower of two potential valency states of the metal, and two possibilities suggest themselves in consequence: ( ) that the unutilized valence electrons might lie close enough to the conduction band of the lattice to confer a marked intrinsic conductivity at low temperatures (cf. the last section of this paper), ( b) that the potential quadrivalency of the metal should favour the fo mation of non-stoichiometric stannous sulphide, of subtractive solid solution type, which would be a deficit, or positive hole conductor. Moreover, stannous sulphide (m.p. 870° C) is one of the few sulphides which can conveniently be investigated in the fused state. An extension of the work in this direction is very desirable, because of our lack of knowledge of such liquids. Apart from their general interest, the constitution and properties of fused sulphides are of prime importance for a number of problems of theoretical geochemistry and metallurgy.
As will be seen from the experimental results, stannous sulphide does behave according to the rule of Friederich (1925) and Meyer (1933) , wMch enunciates th a t binary compounds of the lowest valency state of a metal show enhanced conductivity by incorporation of excess non-metal while those of the highest valency state show enhanced conductivity by elimination of non-metal. Stannous sulphide displays a range of composition which, although too small to be detected analytically, is particularly marked on the sulphur-rich side of the ideal formula, and it is normally a deficit conductor. Its specific conductivity a t low temperatures is a function of the composition, and can be varied within wide limits, whilst a t higher temperatures the intrinsic conductivity of the lattice prevails.
After the main bulk of our work was completed, th a t of Hintenberger (1942) on lead sulphide became known to us. There is a close parallelism between the behaviour of the'W o compounds.
T h e n a t u r e o f t h e c o n d u c t in g p r o c e s s
Published information about the electrical properties of stannous sulphide is scant. H ittorf (1851) concluded th at the conductivity was electrolytic, as also did Guinchant (1902) and Trey (1925) . The latter based his view on the isolated ob servation th at the resistance of a polycrystalline pellet was greater in one direction than another, but possible asymmetry in the contact resistances, and the occurrence of rectification, were ignored. Tubandt & Haedicke (1927) , in one electrolytic transport experiment carried out by Tubandt's carefully developed technique, found no detectable electrolytic component of the conduction at 260° C.
This last result appears trustworthy. It seemed desirable, however, to extend Tubandt's measurements to higher temperatures. Electrolytic conduction in solids involves the formation and migration of lattice defects of Schottky or Frenkel types, and as the potential barriers between adjacent lattice sites or interlattice positions are usually high, the ionic conduction process in most solids is associated with a high activation energy. Qualitative observations on the speed of reaction of metallic tin with sulphur suggest th at the mobility of the tin atoms in stannous sulphide is low; nevertheless, at elevated temperatures some 'platzwechsel' processes must occur, and a fraction of the electric current may be transported by the ionic mechanism.
To set an upper limit to this electrolytic component of the conduction, we carried out a number of transport experiments by T ubandt's technique, a t temperatures up to 750° C, in which the current was passed through a column of compressed pellets of stannous sulphide, clamped between electrodes of spectrographic graphite. As, owing to a number of experimental difficulties (especially the volatility of stannous sulphide), no very precise results were obtained, details of the experi ments are not reproduced. I t was, however, established th a t a t 750° C the electro lytic conduction was certainly less than 1 % of the whole, and was probably im measurable. Accordingly, stannous sulphide may be taken to be an electronic conductor a t all temperatures. Direct confirmation th a t the current carriers a t ordinary temperatures are positively charged is referred to in a later section.
The electrical conductivity of stannous sulphide 85 E x p e r i m e n t a l Our main series of experiments consisted of conductivity measurements, over the tem perature range 15-500° C, carried out on pressed powder pellets subjected to varied chemical and thermal treatm ent. From these, the relation of the activation energy of the conduction process, the number of conducting centres and the sign of the current carriers to the stoichiometric composition and past history of the material may be examined.
Preparation of material
In view of the role played by impurities in the properties of semi-conductors, stannous sulphide was made by direct union of the purest available tin and sulphur. The tin was a sample of practically spectroscopic standard quality, kindly presented to us by the smelters, Messrs O. T. Lempriere Ltd., of Melbourne. This was heated (cf. Anderson & Ridge 1943) with Schuchardt's 'pure recrystallized' sulphur th a t had been subjected to a further process of vacuum fractionation. The product was homogenized by repeated crushing and reheating, and the crystalline product was finally freed from excess of sulphur by prolonged heating in hydrogen at 400-500° C until no further formation of hydrogen sulphide was detectable. Material from several different preparations showed general agreement in properties. Some samples were subjected to further treatm ent by fusion or sublimation, as indicated in the tables of data.
Stannous sulphide pellets. Poly crystalline pellets were prepared by compression in a cylindrical die, 0*82 cm. in diameter, under a pressure, applied by a screw press, estimated a t about 6 tons per sq.in. The die and plungers were of hardened steel, and the ends of the plungers were precision-ground plane and square to the axis after hardening.
The pellets so obtained were lustrous and reasonably hard. Although too friable to be turned or polished in the lathe, they were strong enough to be handled without any loss in weight, and could be strongly compressed without crushing. From their density and th at recorded elsewhere for stannous sulphide, they consistently con tained 10-20 % of intergranular void space. On heating in hydrogen or pure nitrogen at 550° C, recrystallization and sintering occurred, the pellets becoming notably harder and stronger without change in external dimensions or space-filling. The pellets used were 0-5-1-9 cm. in length, and had resistances of 40-400 ohms at 18° C in^their initial state.
The use of poly crystalline pellets for conductivity measurements has been criticized by a number of workers (e.g. Streintz 1902; Koenigsberger 1910 Koenigsberger , 1914 Frey 1930; Fritsch 1935) on the grounds th at unknown high intergranular contact resistances may yield quite false values for the conductivity. As against this, in one instance where comparable results are available for compressed pellets and compact macrocrystalline material, Fischbeck & Dorner (1929) report very fair agreement between different specimens of CuS. There is no alternative to the use of polycrystalline pellets if the composition and thermodynamic lattice equilibrium of the material are to be closely controlled. The large crystals of many compounds th a t occur as native minerals are invariably too impure to provide significant results, while large crystals of pure oxides, sulphides, etc., can be made only by fusion or sintering at high temperatures. I t is noticeable from the literature.that, in all work on fused and sintered specimens (e.g. the work of Fritsch on ZnO, and of Frey on PbS, cited above), abnormally high conductivities have been found, coupled with low values of the temperature coefficient and activation energy of conduction. From observations of our own on the fusion of stannous sulphide, and from the work of Frey, it would seem th at two potential sources of abnormally high conductivity are introduced. First, with compounds of non-stoichiometric character, fusion may bring about a change of chemical composition. Thus, we have observed th at pure stannous sulphide, after fusion in a vacuum, leaves a minute residue of metallic tin when it is sublimed, due to decomposition or disproportionation: below the meltingpoint such changes are limited by the slow rate of diffusion through the lattice. Secondly, at the melting-point a relatively high concentration of lattice defects will be present in thermodynamic equilibrium, and many of these may be 'frozen in ' during the solidification and cooling processes. D ata quoted by Meyer & Neldel (1937) for a sample of Ti0 2, in which a very high degree of lattice disorder was produced, may be cited in illustration of these considerations.
Apparatus. The pellets of stannous sulphide were mounted between electrodes of spectrographic graphite, the faces of which had been turned truly square and smooth in the lathe. The whole assembly was then clamped in a small metal press (A, figure 1 ). To eliminate the contact resistance between the carbon plate and the SnS, the press was progressively tightened until the over-all resistance decreased to a constant value, which remained unchanged on further increase of pressure, and which was reproducible if the whole were dismantled and reassembled. Having regard to this fact, to the consistent values for the conductivity obtained with pellets varying in length (and therefore in total resistance) by a factor of 4 to 1, to the strictly linear nature of the logR -l/T curves, and to the lowest values of resistance measured in our experiments (about 1 ohm, a t higher temperatures), we consider th a t significant contact resistances did not. remain. Miller (1941) reported contact resistances with the same temperature coefficient as the bulk resistance of his zinc oxide specimen; if such were present in our work they would serve only to shift the measured conductivity curves bodily by a small amount. The thermal expansion of the SnS pellets appeared to be somewhat greater than th a t of the metal press, so th a t no diminution of the clamping pressure occurred a t higher tem peratures.
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The press was contained within the tube Electrical connexions to the electrodes were made by means of nickel wires, and were carried out of the apparatus through a tungsten-pyrex pinch on the upper member of the ground joint. Tube B was connected to a vacuum fine, with provision for admitting hydrogen or pure hydrogen sulphide, both rigorously free from traces of oxygen. The temperature of the speci men was controlled by an electric furnace surrounding the tube B, and was measured by a calibrated chromel-alumel couple.
Hydrogen. Commercial electrolytic hydrogen, containing 0*2 % of oxygen, was used. This trace of oxygen was removed by passing the gas through heated platinized asbestos, and the water so formed was absorbed in the phosphoric oxide drying train ( C, D, figure 1). Hydrogen sulphide was prepared by direct union of hydrogen and sulphur in the vessel E. This tube, which was originally closed at by a glass septum, was loaded with an excess of sulphur and evacuated through the connexion F. After again distilling the sulphur in a good vacuum to remove traces of air, sulphur oxides, etc., hydrogen (free from oxygen) was admitted to a pressure of about 550 mm., and the tube was sealed at F. I t was then heated at 370° C for 20 hr., when, according to Bodenstein's data (1899), practically complete conversion of hydrogen to hydrogen sulphide should have occurred; a small proportion of uncombined hydrogen was not significant for our purpose. The space above the septum was then connected to the vacuum pump and evacuated, whereupon G was perforated by means of a glass breaker. This procedure was adopted as affording the simplest means of securing the necessary rigorous exclusion of oxygen from the hydrogen sulphide.
Resistance measurements were made by direct potentiometric determination of current and voltage drop across the specimen. The values found include, admittedly, any contact resistances, but, as stated above, we believe no serious error to have been introduced thereby. This procedure, rather than measurement of the voltage drop between probe electrodes, was adopted to avoid certain experimental diffi culties. The validity of Ohm's law was confirmed by an independent series of measurements.
The general procedure with each specimen was as follows. The resistance-tem perature characteristics of the pellet, as prepared and mounted in air, were first determined by an ascending and descending run with the apparatus evacuated to 10-3-10-4>mm. As our interest lay chiefly in the low-temperature phenomena, these runs were not usually carried out to temperatures high enough to intersect the intrinsic-conduction curve (see below). This omission we may remedy in a later series of measurements. Hydrogen was then introduced, and the temperature was raised to 300-360° C, when a rapid change in conductivity occurred. After a steady resistance had been reached and maintained for some hours, measurements between 350 and 18° C were made, with descending temperatures. A second hydrogen tre a t ment, or a run in vacuum frequently followed. Restoration of conductivity ensued to a greater or less degree on admission of oxygen at the ordinary temperature (see tables), or of hydrogen sulphide, which reacted above 150° C. Suph treatm ents were interspersed with reductions. At every temperature, adequate time was allowed to ensure th a t the measured resistance w as th a t of an equilibrium state, and wffiere there was any indication of a process producing a slow drift, the temperature was held steady for many hours. In several runs the specimen was cooled as quickly as possible from the highest temperature (air quench only), in order to freeze in lattice defects, if possible. With 'reduced' specimens at least, these experiments yielded negative results.
R e s u l t s
As has been found for other semiconductors, the variation of conductivity with temperature can be expressed by the relation
hich A x, Ex are relatively small = 1 -10; Ex -()• J -0-35 eV), dominates the conductivity at lower temperatures, while the second term (A2 -300-1200; E2 -ca. 0-6eV) determin higher temperatures.
From the general theory of semiconductors as developed by Wilson, it is seen th a t (cf. Mott & Gurney 1940) for the concentration of free electrons in a semiconductor with N potentially conducting centres in the volume V, The electrical conductivity of stannous sulphide
where E is the energy of excitation of an electron from a filled band to the lowest empty level. As the exponential term in (2) is dominant, and as electronic mobilities should not be strongly temperature-dependent a t elevated temperatures, (2) leads to the relation kt = nf eV -KQe~E ''k T .
For intrinsic conduction, N jV represents the number of atoms per unit volume, E' the energy gap between the uppermost filled levels and the conduction band. Owihg to the magnitude of E', the intrinsic conductivity of most semiconductors hitherto investigated has been negligible a t ordinary temperatures. In the present instance we identify the high-temperature term in (1) with intrinsic conduction. The relevant data are listed in table 3, and are discussed in the last section of the paper. I t is generally conceded th a t conduction a t lower temperatures is attributable to the presence of impurity centres, the most im portant of which are furnished by deviations of semiconducting compounds from ideally stoichiometric composition. The concentration of electrons released from impurity centres is represented by an expression exactly analogous to (2), in which is the concentration of impurity centres.. Results for the conductivity in the lower temperature range (18-300° C), summarized for about 50 series of measurements by appropriate values for A v Ex and a c 18o, are listed in table 1. I t is evident th at the low-temperature conductivity is markedly influenced by such chemical treatm ent as would be expected to modify a stoichiometric defect.
The results listed in table 1 may be summed up as follows: (а) The conductivity of stannous sulphide was (as is the rule with semicon ductors) variable from sample to sample, but was usually of the order 1-2 x 10-2 ohm-1 a t 18° C.
(б) Treatment of the stannous sulphide with hydrogen at relatively low tem peratures greatly diminished the conductivity. Thus, pellet II I had an initial resistance of 289 ohms. Reduction with commercial hydrogen raised this [III. 2] to 29,000 ohms, and treatm ent with pure hydrogen to 560,000 ohms [III. 7] , Similar considerable changes in conductivity may be observed in every case (cf. runs IV. 2, V. 2, VI. 3, V III. 2, etc.). At the temperatures employed (up to 350° C), reduction of stannous sulphide to metallic tin did not occur; the process reached a limit, shown by the attainment of a certain minimum conductivity (cf. III. 7, IV. 14, VI. 3) beyond which the removal of conducting centres did not proceed. These values of the minimum conductivity were of the same order of magnitude (5-8 x 10-6 ohm-1) for different samples.
(c) On exposure to oxygen at the ordinary temperature, or to hydrogen sulphide a t elevated temperatures, the conductivity was restored. Thus, in run IV. 18, the resistance of the pellet dropped almost instantaneously from 77,000 to 300 ohms on exposure to the atmosphere; in run VI. 1 the change was from 360,000 to 51 ohms; in run IX. 2, from 191,000 to 24 ohms. Inspection of table 1 will show th a t this behaviour was quite general, and also th at the number of conducting centres intro duced is some function of the partial pressure of oxygen or of hydrogen sulphide in the system. This may be illustrated by the results for pellet III. When the resistance had been raised to 29,000 ohms by reduction with commercial hydrogen [III. 2, III. 3], admission of fresh commercial hydrogen (representing a partial pressure of about 0-8 mm. of oxygen) reduced the resistance to 1130 ohms. Further reduction with pure hydrogen raised the resistance to 404,000 ohms [III. 5], but on opening the tube to the fore-pump vacuum (partial pressure of oxygen 0*01-0-05 mm.) the resistance again fell to 19,500 ohms [III. 6]. The original resistance was often closely reproduced when the samples were exposed to the air. The effect of admitting hydro gen sulphide [III. 9, IV. 5] was similar. The experiments in hydrogen-hydrogen sulphide mixtures were originally attem pted in order to determine in what manner the conductivity was a function of the activity of sulphur in the gas phase. They were unsuccessful, however, as the steel of the press reacted with hydrogen sulphide at the higher temperatures. We not infrequently observed, therefore, th a t after an initial increase in conductivity, the stannous sulphide was again reduced by hydrogen, liberated through reaction with the'press (cf. III. 10, VI. 4, etc.). In a number of runs (marked in table 1, column iii with a double asterisk), the conductivity diminished very markedly on heating to 300-400° C in a vacuum. We have some evidence th at these represented normal reduction, brought about by a trace of hydrocarbon vapour from the joint grease or from a wax seal.
All these facts fall into place on the hypothesis that, in conformity with the Meyer-Friederich rule, stannous sulphide is an essentially non-stoichiometric com pound, the crystal lattice being stable over a certain range of composition for which Sn:S = 1:1 + #. The magnitude of the composition range is discussed in a later section. As in other compounds of this type, the excess of non-metal is attributable to the occurrence of a proportion of vacant tin lattice sites, and the conversion of a corresponding number of Sn2+ ions to $n3+ or Sn4+ ions (less probably, conversion of S2-ions to S~ ions, cf. De Boer & Verwey 1937) to maintain electrostatic balance. Every excess anion would thus introduce two positive holes, and stannous sulphide should be a positive hole conductor. Treatment with hydrogen diminishes the stoichiometric excess of non-metal, destroying positive holes and lowering the conductivity. Recovery of conductivity on exposure to oxygen or hydrogen sulphide represents the building of excess anions on to the lattice, with creation of new positive holes. I t is evident th a t a stoichiometric excess of non-metal may be achieved by incorporation of either sulphur, proper to the lattice, or oxygen; also, th at in the normal condition, i.e. exposed to air, stannous sulphide contains an excess of non-metal. S u m m a r iz e d d a t a f o r l o w -t e m p e r a t u r e c o n d u c t io n The electrical conductivity of stannous sulphide Footnote to table 1. Values marked up represent initial conductivity, k18, and E , A constants for series of measurements with ascending temperature. Values marked dovm similarly repre sent values obtained with descending temperature and subsequent value of * In these runs an initial increase in conductivity was observed through reaction with H 2S, but was nullified by reaction with the material of the press. ** In these rims a decrease in conductivity was observed without admission of hydrogen, attributed to reduction by hydrocarbon vapour.
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The theory of defect lattices (cf. Schottky >& Wagner 1930; Fowler & Guggen heim 1939) suggests th a t a strictly unilateral departure from stoichiometric com position is improbable, and th a t under appropriate conditions the existence of a tin-rich phase is to be expected, containing the excess of tin atoms in interstitial conditions and acting as an excess, or electron, conductor. This expectation was verified by experiments on pellet V III, which was subjected to prolonged and repeated treatm ent with hydrogen a t temperatures up to 510° C. Its conductivity passed through a minimum, and then rose as additional conducting centres were produced by the further abstraction of sulphur from the lattice. Values for the resistance of this pellet a t 227° C, after successive hydrogen treatm ents, were 275, 245, 93 and 63 ohms. Following the last-mentioned stage there was some evidence of the production of metallic tin as a separate phase, and it may be inferred th a t the range of composition of the lattice on the tin-rich side is narrower than the per m itted range of non-metal excess.
Pellets IX and X were prepared in order to examine the behaviour of material which, through the dissociation of the melt referred to previously, should have contained a slight initial excess of tin frozen into the lattice. The minimum con ductivity of these samples was somewhat greater [IX. 2, X. 4] than th a t of the original material, whereas th a t of pellet VI (sublimed material, probably approxi mating most closely to ideal composition) was smaller. The general properties of the fused material however were not different from those of the original stannous sul phide-a fact th a t is not without bearing upon the; distribution of positive holes, considered in a later paragraph.
The foregoing hypothesis was qualitatively substantiated by observation of the thermoelectric effect in the system Cu/SnS/Cu. This couple gave a large thermoelectromotive force, of about the magnitude computed from the activation energy of the conduction process, and indicative of the existence of positive current carriers in the stannous sulphide. Quantitative measurements of the effect, now in progress, will be described a t a later date.
D i s c u s s i o n
I t will be seen from table 1 th at whilst, for any sample, the conductivity at room temperature, k18, ran parallel with the variations in* stoichiometric composition brought about by varied chemical treatm ent, the changes in conductivity arose almost entirely from the alteration in the activation energy since this enters as an exponent into equation (1), and not from changes in the factor A . in fact, must be a function of the concentration of impurity centres. Gudden (1934) has already pointed out th a t the relation between conductivity and activation energy is quan titatively the same for a variety of oxide semiconductors, and has justifiably queried the generally accepted model of an impurity conductor. In figure 2 , the shaded area represents the locus of values of E and log k18 within which fall practically all the recorded data for semiconductors, excepting a few points from the measurements The electrical conductivity of stannous sulphide of Engelhard (1933) and Juse & Kurtschatow (1933) -Even the very small and the negative values of E recorded, for example, by Meyer & Neldel, fall into place in figure 2. The relation between E and log k18 is inde carriers, not only as for different conductors (e.g. the positive hole conductor Cu20 and the electron conductor ZnO), but also when a change-over of conduction mechanism takes place in one and the same conductor. Most of our experimental points refer to stannous sulphide with excess of non-metal, but the conductivities measured for pellet V III, with excess tin, fall equally well within the shaded area.
That E should be a function of the concentration of conducting centres has, at present, no satisfactory interpretation. It is not compatible % ith the concept of discrete impurity levels (cf. Schottky 1933) lying between the top of the full band and the conduction band, possessing energies characteristic of the particular impurity and host lattice concerned.
One attem pt to explain the variability of E was made by Nijboer (1939) , on the assumption th at an excess of thermal lattice defects may be frozen in, so th at the number of electrons nb is less than the total number of impurity centres N. This leads to the relation n J N-. » + »,) _ nb -nf v and, making plausible assumptions regarding the magnitude of N , nb and E, Nijboer showed th at (4) reproduced, with moderate success, the observed behaviour of alumina (Hartmann 1936) . However, apart from the fact th at (4) cannot give a linear relation between log nf and \/T when N and nb are comparable (the important case for variability of apparent slope), it leads to the conclusion th at the apparent activation energy, I£app, lies between the limits E ^ i?app ^ \E . This is in complete disagreement with the measurements listed in table 1, as well as with the results of Fritsch and Meyer & Neldel. I t may, perhaps, be held th a t Nijboer's theory suggests one reason for the occurrence of abnormal conductivity curves, exhibiting a dis continuity in slope. This point is discussed below. Whereas E is evidently a function of the stoichiometric defect, the factor A (equation (1))-which, by hypothesis, depends upon both stoichiometric defect and electron mobility-does not vary greatly with any of our specimens (i.e. compared with the effect of the changes in E) and is, indeed, roughly the same for a variety of semiconductors. If the values of A (table 1) be examined, it will be evident th at the lack of reproducibility inherent in the low-temperature process leads to a good deal of random-scattering: no systematic trend of A is readily discernible. I t has been considered by some (cf. Nijboer 1939; Seitz 1940) th a t A is independent of the stoich iometric defect. However, Meyer (1935) , in a discussion of this point, concluded th a t A does depend upon the conductivity of the material. His data for titania, which can undergo very marked changes in composition (from TiOa to approximately TiOj.75), with correspondingly great enhancement of conductivity, indicate th a t A becomes large for specimens with very high or very low conductivity, all the experi mental points falling on one or other of two intersecting lines when log A is plotted against log k20. The A values for stannous sulphide (including those for anomalous curves and for the high temperature conductivity), when subjected to a similar graphical analysis, show a distribution in general harmony with Meyer's conclusion, though the range covered is hardly sufficient to outweigh unambiguously the effect of scattering.
On the assumption th at the electrons possess thermal velocities, and have the normal effective mass m, the mobility v is given by = elo V ( 3kt so th a t for the conductivity a t temperature T
kT = ^ni ? S ( 2m kT )le-EW T.
O t v *
Inserting numerical values,
Constancy of A would imply th at n \lQ is constant. In any case, the electronic mean free path must depend upon the concentration of impurity centres in a manner not readily interpreted. Such a relation finds no place in the present theory of semi conductors, e.g. in the discussion of the mean free path given by Mott & Frohlich (1939) . It is evident th at in this respect also the theory is in need of review. In the absence of direct measurements of the stoichiometric defect we may reason ably examine the consequences of accepting the assumption (Mott & Frohlich 1939) th at the mean free path is of the order of a few Angstrom units, in order to calculate nb from (5). If, for example, l0 = 5 A, nous sulphide be comparable with the poorly conducting cuprous oxide examined by Engelhard, for which lu -50 A, nb = 6 x 1015. reasonable indications of the range of stoichiometric defect needed to account for the variation in conductivity observed in our experiments. The compressed stannous sulphide contained about 1*6 x 1022 atoms of tin and of sulphur per c.c., so th a t the range of defect would correspond with perhaps 10~4 to 10~7 atom excess sulphur per atom of tin. To determine these quantities directly, measurements of the numbers of free electrons, from the Hall coefficients, would be needed.
Figure 3
Abnormal conductivity-temperature curves. Reference has already been made to conductivity-temperature curves exhibiting a kink at a certain temperature, above which the relation between log k t and IjT was again linear, but with a different, abnormally small slope. Discontinuities of this kind in the characteristic constants defining the conductivity may be seen also in the results of Vogt & Engelhard for cuprous oxide, and possibly in those of Jander & Stamm (1931) , von Baumbach & Wagner (1933) and Miller (1941) for zinc oxide, though we incline to the view th at the zinc oxide data are complicated by changes in the stoichiometric defect. Figure 3 , representing results obtained on pellet IV, shows the characteristics of these abnormal curves; the principal results are collected in table 2, and the previous and subsequent history of the samples may be obtained from Abnormal curves were obtained only for poorly conducting material, i.e. when the number of vacant cation sites determined by the stoichiometric defect was relatively small. For such samples the occurrence of kinked curves, though by no means invariable, was common, especially after the pellet had been subjected to repeated treatm ent with hydrogen and oxygen or hydrogen sulphide; th at is, when by repeated addition of anions to the lattice and removal of anions from it, a high degree of imperfection could have been created (cf. Nijboer). The lowest recorded conductivities were obtained in runs III. 5, III. 7, IV. 15, IX. 2; these were normal curves, although the same pellets in previous and subsequent runs displayed the abnormal behaviour.
From table 2 it will be seen th at the activation energy for the low-temperature arm of the curve,
Eb has values comparable with those of normal curv rather larger than would be expected from the observed values of x18. The activation energy of the high-temperature segment, Eh, is frequently round about 0-4-0-but may be very small. It is characteristic of the abnormal curves th at A l is higher, by a factor of about 10, than for normal curves, while A h is smaller by a similar factor. These features might be attributable to changes in the mean free path (due, for example, to high concentrations of lattice imperfections), or in the effective number of positive holes, or to both. Two purely empirical relations may be dis cerned: (i a) A for these curves is a function of E, log A b log A h being roughly pro portional to Eh Eh respectively; (6) for all the curves, log is closely prop to Et -Eh. These relations may be fortuitous. The temperature Tc at which the dis continuity in the A , E values occurred showed a general downward trend with decrease in stoichiometric defect. Kinks were observed with both ascending and descending temperatures, but whereas with normal curves the ascending and descending measurements made on the same sample without change in composition were closely coincident, with the abnormal curves successive runs showed a marked lack of reproducibility of A b Eh A h, at the temperature of onset of the 'high-temperature' conduction were the same. It was carefully established th at there was no drift in the measurements. Points on both the upper and the lower segments of the curves refer to steady states of the material.
We abstain from offering any explanation for these curves. They cannot be assigned (cf. Engelhard) to phase transitions; Nijboer's hypothesis is excluded by the range covered by the ratio Et :Eh\ Miller's view, th at of saturation effects, is not in harmony with his own experimental data, and in compatible with the usual linearity of the curves above Tc.
Production and distribution of lattice defects. There is one other aspect of our measurements that appears worthy of comment. This is the rate at which the chemical processes concerned in the change in stoichiometric defect occur. When stannous sulphide, in equilibrium with air, was treated with hydrogen, no measur able reaction took place below about 200° C, but at 300° C the reduction process evidenced by diminished conductivity proceeded with great rapidity. On exposure of poorly conducting stannous sulphide to air (or to hydrogen sulphide above 150-180° C) the fall of resistance was, in its early stages, immeasurably rapid. Thus, at the conclusion of run V III. 4 (cf. Reactions within solids can occur only through the migration of atoms or ions. The energy of activation for diffusion in ionic lattices is of the order of 1 eV ; for diffusion of atoms in the lattice of metallic sulphides, where the forces are probably largely covalent, the activation energy may well be higher. Hence, such reactions cannot occur at the ordinary temperature, and we may conclude that the reactions, whereby positive holes were created or destroyed, occurred exclusively at the surface of the crystals.
It is of interest to examine how far the probable surface area of a crystalline powder is adequate to account for the estimated concentration of lattice defects. If the size of crystallites, or of blocks in the crystal mosaic, were 10~3 mm., or about 2 x 10s times the averaged unit cell dimension of stannous sulphide, in 1 c.c. of the material about 2*5 x 1019 atoms of Sn or S would he present in the surfaces; larger or smaller crystallite sizes would give proportionate changes in the number of surface atoms. It is evident that the number of atoms exposed in the surfaces of a crystalline material may well be sufficient to allow of changes of composition of the order estimated, without affecting the underlying lattice at all. At high temperatures, where diffusion can occur, an equilibrium distribution of defects between surface and interior would ultimately result; positive holes in the interior of the lattice would be withdrawn from ready reaction. It follows, further, that the estimate made for the concentration of impurity centres may represent only a fraction of the total stoichiometric defect.
In this connexion it is worth considering the results obtained with sublimed and with fused stannous sulphide. The material of pellet VI, formed by condensation of SnS molecules from the vapour phase, should have approached very closely to the ideal stoichiometric formula. Handled in air, reaction occurred at the surface, with the creation of positive holes, as with other specimens, but the maximum con ductivity produced thereby, and the minimum conductivity after reduction with hydrogen were similar to those found for other specimens with very different thermal and chemical histories. Furthermore, the m in im u m conductivities recorded for fused material (pellets IX , X)-which might be expected to contain a high propor tion of frozen-in lattice defects-were not markedly different from those of the standard or the sublimed material. The conclusion seems inevitable that surface effects are of great, and even preponderating importance in the low-temperature conduction process. I t is probable th at these considerations are equally cogent for many of the results obtained with other semiconductors.
The high-temjperature conductivity
As has been found for other semiconductors investigated over a sufficiently wide range of temperature, the conductivities at high temperatures fell on a second recti linear arm of the log k-I/T curve, characterized by higher values of the constants A and E (equation (1)). The principal data for this region are summarized in table 3. As the main concern of this work was with the low-temperature conductivity, relatively less attention was devoted to the high-temperature measurements. In a number of instances the measurements were made over a comparatively small range of temperature, and the values of table 3 represent what appear the most reliable data. W ith a few exceptions there is a general accord in the magnitude of E2; some scattering is probably due, in part, to measurement of the slope near the junction of the high-temperature and low-temperature curves. Two series of measurements, not recorded, carried up beyond the melting-point, showed th at there was no further change in slope of the conductivity curve at higher temperatures.
The high-temperature conductivity can reasonably be regarded as the intrinsic conductivity of the lattice, corresponding to a conduction band 1-2 V above the full band. This view is consistent with the characteristic constants of the process. The A values are highly sensitive to variations in E, but from table 3, A2 may be taken as 200-1100. Since there are about 1*6 x 1022 atoms of tin per c.c. of the compressed pellets, then by substitution in equation (5) The absolute values of the conductivity of different specimens, irrespective of chemical and thermal history, are in moderately close accord, as shown by the values of at394o. By extrapolation, the intrinsic conductivity a t 18° is about 10_7-10~8, a value considerably in excess of conductivities usually found for ionic compounds (e.g. oxides with inert-gas-like cations), but in keeping with the considerations raised in the introduction.
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